The calcium oxide hydration/dehydration reaction is proposed as a suitable reaction couple for thermochemical energy storage systems. However, limited work has been reported on the reaction kinetics of CaO/Ca(OH) 2 under appropriate operation conditions for storage applications involving fluidized beds. This study focuses on the effect of temperature, partial steam pressure and particle size upon the intrinsic hydration and dehydration reaction kinetics when natural materials are used. The experimental data have been fitted satisfactorily to a shrinking core model for both hydration and dehydration reactions, at reaction temperatures between 400 and 560ºC and partial steam pressures between 0 and 100kPa. The reaction rates measured are higher than those previously reported in the literature. In the case of large particle sizes of natural material, particle attrition has been detected indicating the need to develop more suitable materials for thermochemical energy storage applications.
Introduction
Thermal energy storage (TES) systems at large scale are a key component for increasing the reliability, dispatchability and efficiency of thermal solar power plants, as they allow the power production profile of the solar field to be adapted to demand [1] [2] [3] . The main types of TES technologies available for solar energy systems are sensible heat storage (by solid or liquid media, see Gil et al. 4 ), latent heat storage (mainly in the solid-liquid phase transition, see Liu et al. 5 ), sorption heat storage (physical or chemical) and heat storage by reversible chemical reactions 1, 4, 6 . The last two technologies are known as thermochemical energy storage and, in theory, they would yield the highest storage energy densities, although they are still at the R&D stage.
The hydration/dehydration of CaO (reaction 1) is considered as a suitable reversible reaction for thermochemical energy storage systems 6 , as the reaction enthalpy is high (-104 kJ/mol) and energy can be released during the hydration (discharging step) and stored during the dehydration (charging step). The temperature level at which the heat can be released (450-500ºC) facilitates the thermal integration of the storage system within the solar field 3 . Furthermore, the reactants are easily storable, stable, low cost and environmentally friendly 7 .
CaO (s) + H 2 O (g) ↔ Ca(OH) 2 (s) ΔH 298K = −104 kJ/mol (1)
The reactors traditionally considered suitable for the hydration and dehydration reactions in a thermochemical energy storage system coupled to a solar field are fixed beds [8] [9] [10] [11] [12] [13] . However, fixed beds have inherent limitations in terms of heat transfer efficiency. The inherently low thermal conductivity of stationary solids necessitates a very large network of heat transfer surface from which the large amount of thermal power required for a large-scale system needs to be extracted and transferred. Also, high pressure drops in the reacting gases (steam during hydration and/or air during dehydration) would be required in the storage vessel to put the fine particle solids into contact with the reacting or purge gases. If large pellets or particles are used to minimize these effects, the reaction kinetics can become very slow and mechanical stresses produced during the reaction may lead to pellet or particle breakage. Rosemary et al. 16 as far back as the 70's. However, no further progress has been made since then in the development of these reactor concepts.
Within the framework of a recent EU funded project StoRRe (www.storre.eu) we are investigating the applicability of fluidized bed reactors to thermochemical energy storage systems using the CaO/Ca(OH) 2 reversible reaction. The basic process concept proposed by CEA for this project is represented in Figure 1 . In this process, in-coming heat (from the solar field or any other heat source) is used to dehydrate the Ca(OH) 2 that decomposes into CaO (which is then stored) and steam. A small fraction of air may be used as fluidizing gas, although the steam produced during the dehydration of the incoming solid flow could be sufficient to sustain most of the fluidization of the solids.
During the hydration stage, useful heat is released in the reactor when the CaO is rehydrated by the reaction with the steam (which also acts as fluidizing gas).
An essential part of the design of the thermochemical energy storage system in Figure 1 is the intrinsic reaction kinetics of the CaO hydration and Ca(OH) 2 dehydration under realistic operating conditions (reaction atmospheres and temperatures). Although some works have investigated direct hydration with liquid water [17] [18] [19] , hydration must be carried out with steam because otherwise the efficiency of the energy storage is severely reduced ("Heat out" arrow in Figure 1 ): the hydration enthalpy decreases from -104 to62kJ/mol in standard conditions when liquid water is used as a reactant instead of steam.
Although CaO hydration/dehydration reactions have been previously recognized as a suitable thermochemical energy storage system, only a few works have focused on the experimental evaluation of the kinetics of these reactions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and in most cases the operating conditions do not match the requirements of a storage system such as that described in Figure 1 .
A recent work by Schaube et al. 20 evaluated the hydration and dehydration reaction kinetics at high partial steam pressure (up to 95.6kPa) over a large number of hydration-dehydration cycles and their material did not display any significant degradation up to 100 cycles. They used different empirical kinetic models for each reaction step depending on the operation temperature during hydration and depending on whether the dehydration conversion was higher or lower than 0.2. Lin et al. and
Wang et al. [21] [22] [23] also recently evaluated the kinetics of the CaO hydration/Ca(OH) 2 decomposition at high temperature (550-710ºC) and high partial steam pressure (0.67-2.33MPa for hydration and a total pressure of 1-3.5MPa) over several cycles. However, the temperature and pressure values at which the reaction kinetics were evaluated in these works are outside the range (very high pressures) of interest for a process aimed at fluidized bed technology operating at atmospheric pressure as in Figure 1 . Irabien et al. 24 obtained a kinetic model for the dehydration of calcium oxide in the range of temperatures of 330-450ºC using the random pore model and proposed a pseudohomogeneous kinetic model to describe the behavior of calcium hydroxide during the dehydration process. However, they reported that with their experimental system the influence of external mass transfer and particle diffusion could not be easily avoided.
Hydration kinetics under liquid water 18, 19 instead of steam as proposed by Irabien et al.
in another work, are not applicable to thermochemical energy storage processes for the reasons mentioned above. Galwey et al. 25 studied the dehydration reaction in a glass vacuum apparatus coupled to a TG analyzer using 10mg and 28mg samples of Ca(OH) 2 .
Their study showed that dehydration rates were affected by the dispersion of the reactant particles inside the reaction tube in an ideal fixed bed. They found that a first order rate equation provided the most satisfactory fit to the data. Over successive dehydration/rehydration cycles they observed that reaction rates increased in both directions as a result of crystallite disintegration, with the reaction proceeding more rapidly for smaller particles. Matsuda et al. 26 studied the reversible Ca(OH) 2 
Experimental Section
The hydration and dehydration reactions of CaO particles have been experimentally studied in a thermo-gravimetric analyzer (TG) especially designed for long multicycle gas-solid reactions, and adapted to operate with pure steam or air-steam mixtures, as described below.
The TG apparatus consists of a quartz tube (2.5×10 -2 m o.d.) placed inside a two-zone furnace capable of working at temperatures of up to 1000ºC and at different temperatures in each furnace zone. For the tests described in this work, the sample holder was located in the upper furnace position, allowing the bottom part of the oven to be used for preheating and mixing the steam and air mixture before they reached the sample. During all the experiments, the sample weight, temperature and flows were continuously recorded on a computer.
For each run in the TG, around 3 mg of sample was introduced into the sample holder and the total gas flow was set to 7.3×10 −6 m 3 /s (STP) which corresponds to a superficial gas velocity of 0.05m/s around the sample at 550ºC. This avoids undesired diffusional effects around the sample when a high amount of mass and/or low gas velocities are used. In these conditions the kinetics observed during the experiments will be representative of the intrinsic characteristics of hydration/dehydration reactions and not of the particular characteristics of the experimental set up (shape and size of the plate, reacting gas velocity, location of thermocouple etc.) or the sample (i.e. sample mass).
The high gas velocity, required to derive relevant kinetic parameters at particle level, Steam and/or synthetic air are fed to the bottom of the quartz tube enclosed by the oven.
Up to the oven, the pipe connected to the quartz tube is also heated up. The low furnace zone (below the sample basket) is heated up to the lower experimental temperature. The temperature in the upper zone was selected as the reaction temperature for the hydration and dehydration conditions respectively. To minimize errors arising from the temperature profiles in the oven, the sample temperature is controlled by a thermocouple located just a couple of millimeters below the sample pan. To allow the gas to leave through the orifice at the top of the quartz tube, a continuous air purge is passed through the balance head (3.3×10 -5 m 3 /s (STP)). The top of the quartz tube is also heated up to 50ºC by means of a thermal cord.
For the hydration/dehydration cycling experiments, CaO was obtained from two natural limestones with different compositions, Compostilla (89% CaCO 3 ) and Imeco (98.7% CaCO 3 ) that were calcined at 800ºC in pure air (7.3×10 −6 m 3 /s (STP)) for 10 min before each experiment. A series of tests were carried out to determine the effect of the particle size on the hydration/dehydration rates. For this purpose four particle size cuts were tested 100-200μm, 400-600μm, 800μm-1mm and 1-2mm. Since the main objective of this work is to derive intrinsic hydration/dehydration kinetics, the 100-200μm particle size was used in most tests. The hydration and dehydration reactions were studied over a temperature range of 400 to 560ºC and several partial steam pressures (P H2O ) were tested ranging from pure steam to pure air at a total pressure of 100kPa.
Results and Discussion
Most of the experiments carried out to derive kinetic data for the hydration and dehydration reactions considered in this work have been conducted in conditions relatively close to equilibrium. This is because the design of energy storage systems used to exploit these reversible reactions aims to operate at the highest possible temperature in the case of hydration (to maximize the efficiency in the transformation to useful energy of the "Heat out" arrow of Figure 1 ). This will lead to operation conditions close to the equilibrium for hydration (at atmospheric pressure, this means temperatures in the range of 450 to 500ºC in steam volume fractions close to one). In contrast, for the dehydration step, the design aims to operate at the lowest possible temperature (to minimize the heat requirements for preheating the solids and the dehydration reaction). In principle, this can be achieved by two means: using a large flow of purge gas (air or equivalent) in order to operate the dehydrator under low volume fractions of steam or using dehydration temperatures as close as possible over the equilibrium. The first approach requires a larger flow of air in Figure 1 , which will increase the energy required to heat up the gas and the gas velocities in the fluidized bed dehydrator reactor. The second approach (minimum or no air requirements) will require operation at temperatures close to the equilibrium temperature (between 500 to 550ºC).
These design decisions (in particular the one affecting the flow of air to the dehydrator)
will have large implications for the required reactor design (bubbling reactors vs.
circulating fluidized bed reactors) but detailed analysis of these reactors is beyond the scope of this paper. What is clear from the previous discussion is that in all cases, both the hydration and dehydration reactions will be conducted in conditions as close as possible (kinetics allowing) to the equilibrium of H 2 O(v) in CaO.
The CaO/Ca(OH) 2 equilibrium curves available in the literature give different temperatures over the temperature range studied in this work. As can be seen in Figure   3 , predictions from thermo-chemical data provided by Barin 28 and Nikulshina 29 give an equilibrium temperature of 519 and 514ºC respectively for pure steam at atmospheric pressure, compared to the curves experimentally obtained by Samms for P H2O of 100, 75 and 50kPa respectively in our work). Therefore, for the kinetic model described below, equation (2) obtained by fitting data from Barin 28 will be adopted:
Experimental curves of hydration conversion (X Hy ) vs. time were obtained for CaO samples of different particle size (diameter ranges between 0.1 and 2mm), at various volume fractions of steam (from 0.5 to 1) and temperatures (between 400 and 500ºC). 
This dependency has been observed in other series of experiments similar to those of Figure 4 and is quite common in reversible decomposition reactions 32 .
The temperature dependence of the kinetic constant k Hy (T) was estimated by fitting individual values of k Hy data at different temperatures, as shown in Figure 5 Finally, experiments with different particle sizes were carried out to identify the reaction surface available during hydration and the overall reaction model at particle level. Two extreme reaction models were considered depending on whether the reaction occurred throughout the entire particle at the same time -a pseudo-homogenous modelor whether the reaction occurred on the particle surface -shrinking core model- 33 . Figure 6 represents the results of these experiments in terms of maximum reaction rate (experimental X Hy /t) vs. the inverse of the average particle diameter (dp). The same operation conditions were maintained for each particle size interval. As can be seen, the results fit to a straight line, which points to a shrinking core model in which the chemical reaction is the controlling stage (at least during the first fast stage of the hydration reaction). Therefore, assuming spherical particles, equation (4) can be applied to calculate the CaO hydration conversion as a function of time as follows:
dX Hy dt = 1 dp
13 and in integrated form:
where the complete hydration conversion time ( Hy ) is:
τ Hy = 1 [ 1 dp
As confirmation of the satisfactory fit of the results, the dotted lines in Figure 4 were plotted using equations (5) and (6) For the dehydration reaction experiments, the same fitting procedure as for hydration was followed. Firstly, the effect of the partial steam pressure on the dehydration reaction was evaluated as in the example of Figure 7 , in which the dehydration conversion (X Dehy ) is represented vs. time at partial steam pressures ranging from pure air to 100kPa for Compostilla limestone (tests using Imeco limestone yielded similar results as in the case of the hydration reaction) of 100-200m particle size. As can be seen, when the dehydration reaction takes place under pure air (0kPa) at 500ºC, decomposition rates are very fast and complete dehydration is achieved in less than 30s.
Even when the partial steam pressure is slightly increased (i.e. 10 or 25kPa) the reaction rates are much faster than expected compared to the results reported in the literature 20, 24, 26 . However, as discussed in the previous sections, it is not realistic to expect such a low partial pressure of steam during the dehydration of Ca(OH) 2 particles in a fluidized bed reactor such that of Figure 1 . This is because in large scale systems (aimed at releasing tens of MWt of thermal power during hydration), the flow of Ca(OH) 2 will necessarily have to be very high during the dehydration periods in order to charge the silos with CaO. This means that the molar flow of steam coming from the dehydrator reactor will also be very high. Therefore, in order to operate this reactor at low steam partial pressures, (for example P H2O =10kPa) it will be necessary to use an air flow 10 times higher than the steam flow coming out of the reactor. This will entail large energy requirements and additional equipment for preheating the air as well as unacceptable large reactor cross-sections and/or superficial gas velocities. Therefore, the most useful kinetic information for dehydration must be obtained at higher partial pressures of steam.
As can be seen in Figure 7 , as the partial steam pressure increases and the operation conditions approach equilibrium (for a partial steam pressure of 50kPa) the reaction rates slow down considerably. On the other hand, as discussed above, future reactors may have to operate for dehydration under pure steam at the expense of higher reactor temperatures. In this example, this is represented by a single curve at 560ºC (see Figure   7 ), which indicates that Ca(OH) 2 dehydrates completely within only 10s under these conditions, far from the equilibrium due to the higher operating temperature.
As in the case of the hydration reaction, the dehydration reaction fits well to a first order reaction:
The temperature dependence of the kinetic constant k Dehy (T) was also estimated by fitting the individual values of k Dehy data at different temperatures as shown in Figure 8 for dehydration experiments under air at different temperatures. In this case the For the dehydration reaction, tests were also conducted using different particle sizes in order to find the appropriate overall reaction model at particle level and the relevant reaction surface during dehydration. As in the case of the hydration reaction, Figure 9 shows these experiments results by means of the values of maximum reaction rate (experimentalX Dehy /t) vs. the inverse of the average particle diameter (dp) while maintaining the same operation conditions for each particle size tested. As can be seen the results fit to a straight line, the maximum reaction rate decreases linearly with the particle size. Therefore a shrinking core model in which the chemical reaction is the controlling stage is also proposed for the dehydration. Again, assuming the particles to be spherical, the Ca(OH) 2 dehydration conversion as function of time can be calculated using equation (8) as follows:
dX Dehy dt = 1 dp
or in integrated form:
where the complete dehydration conversion time ( Dehy ) is calculated using equation (10):
The dotted lines in Figure 7 were also plotted using equations (9) and (10) with the parameters derived from Figures 8 and 9 , confirming that the X Dehy vs. time curves calculated from these equations adjust reasonably well to the experimental results.
Finally, several experiments were conducted in which individual samples of different particle size were subjected to several cycles of hydration and dehydration. Figure 10 shows the hydration conversion (X Hy ) vs. the number of cycles of hydrationdehydration (N) for experiments carried out with hydration during 300s at 450ºC and P H2O =65kPa followed by complete dehydration at 500ºC in pure air. As can be seen, for the smaller particle size intervals (100-200μm and even for 400-600μm) almost total hydration is achieved in all the cycles after 300s. Further tests up to 32 cycles with calcined natural limestone of size 100-200μm showed no decay in hydration/dehydration conversion, confirming the reversibility of the reaction couple (in agreement with the experimental results reported by Ervin 14 and Rosemary et al. 16 up to 211 and 1171 cycles respectively). However, as the particle size increases (800μm-1mm and 1-2mm) no complete hydration conversion is achieved after 300s during the first few hydration cycles. This result is fully consistent with the shrinking core model described above, as the available surface is inversely proportional to the particle size ( Figure 6 ) and 300s is too short time to achieve higher conversions than those reported in Figure 10 . However, a clear trend towards increasing conversion with the number of cycles is observed, which may be related to physical damage and the breakage of the particle porous structure with the consecutive hydrations and dehydrations, confirmed by visual observation of the particles after these tests. The particle breaking mechanism facilitates the diffusion of steam through the particle cracks and makes more CaO surface available for reaction with steam.
When the largest particle size cuts were subjected to higher partial steam pressure during hydration (>75kPa) at a temperature of 450ºC, the particles were completely broken down into fine powders after the first or second cycle and complete conversion were achieved in all the cycles in just a few seconds as were observed with the 100- 
Conclusions
In this work the CaO hydration and Ca(OH) 2 dehydration reactions have been studied in the 400 to 560ºC temperature range and at partial steam pressures from 0 to 100kPa in a thermo-gravimetric analyzer (TG) operating under differential conditions. These reaction conditions may be relevant to future designs of large scale thermochemical energy storage systems involving fluidized bed reactors for hydration and dehydration.
The shrinking core model has been used to fit both the experimental hydration and dehydration conversion curves. . Maximum hydration reaction rate (X Hy /t in mol/s) vs. the inverse of the average particle diameter (1/dp in 1/m) for four particle size cuts, 100-200μm, 400-600μm, 800μm-1mm and 1-2mm, at 450ºC and P H2O =65kPa, using 3mg samples of Compostilla limestone, an initial calcination at 800ºC during 10min and a total gas flow . Maximum dehydration reaction rate (X Dehy /t in mol/s) vs. the inverse of the average particle diameter (1/dp in 1/m) for four particle size cuts, 100-200μm, 400-600μm, 800μm-1mm and 1-2mm, at 500ºC and P H2O =0kPa, using 3mg samples of Compostilla limestone, an initial calcination at 800ºC during 10min and a total gas flow 
